We developed a peptide-functionalized polydiacetylene (PEP-PDA) nanosensor for pandemic H1N1 virus (pH1N1) detection with the naked eye. A PDA nanosensor was fabricated by nano-precipitation and modified with PEP for the specific recognition of pH1N1. The PEP-PDA nanosensor showed unique chromatic properties involving a colour change from blue to red in the presence of pH1N1. We believe that this nanosensor can be applied for the development of a commercially available kit for pH1N1 detection.
We developed a peptide-functionalized polydiacetylene (PEP-PDA)
nanosensor for pandemic H1N1 virus (pH1N1) detection with the naked eye. A PDA nanosensor was fabricated by nano-precipitation and modified with PEP for the specific recognition of pH1N1. The PEP-PDA nanosensor showed unique chromatic properties involving a colour change from blue to red in the presence of pH1N1. We believe that this nanosensor can be applied for the development of a commercially available kit for pH1N1 detection.
Inuenza viruses are a signicant cause of morbidity and mortality worldwide. In 2009, inuenza A virus was designated as a major threat to public health because of its high infectivity. [1] [2] [3] A rapid, sensitive detection method for inuenza virus is required for the prevention and effective control of pandemics.
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There are several tests for virus detection, such as serological diagnosis, viral culture, molecular diagnosis, and so on. Antibodies are produced aer the onset of inuenza virus illness and can be detected using serological diagnostic techniques like hemagglutination inhibition assay (HIA), enzyme immunoassay (EIA), complement xation and neutralization tests. More than 80% of reverse transcription polymerase chain reaction (RT-PCT) inuenza virus has been found by using HIA or virus micro neutralization assay. However, the Center of Disease Control and Prevention (CDC) does not recommend this method for virus detection because it is not a convenient method as it requires two serum samples with accurate timing and also has long throughput. 12 Virus culture method as a major technique is adopted for inuenza virus detection in many clinical settings, although this is time consuming. Molecular diagnostic tests are also commonly used to diagnose inuenza virus because they can be performed rapidly, with high throughput and sensitivity. Traditional RT-PCR, RT-PCR with detection by enzyme-linked immunosorbent assay (ELISA), real-time RT-PCR, and nucleic acid sequence-based amplication (NASBA) are included in molecular diagnostic test.
13,14 PCR-based test are generally used due to their fast detecting ability, more sensitivity as well as specicity in comparison with viral culture. In 2008, CDC received US Food and Drug administration approval for a highly sensitive inu-enza PCR assay such as RT-PCR has recently replaced viral culture as the gold standard. 15 Since then, many modications and highly sensitive methods based on PCR have been developed. However, in developing countries, it is not easy to use PCR techniques for primary health care setting because it needs trained personnel for sample preparation and additional analytical equipment. Therefore, they require rapid detection methods enabling clinical decision making close to patients, point-of-care (POC) diagnostics methods. 16 POC diagnostics plays a pivotal role in public health by reducing the time between diagnosis and treatment. Biosensors based on colorimetric assays are particularly suitable for POC diagnostics because they do not require specialized instrumentation or technical skills for use. 17 Colorimetric detection by the naked eye is widely accepted for its simplicity and practicality.
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Among the many colorimetric detection approaches, polydiacetylene (PDA) has been extensively studied as a colorimetric sensing material, owing to its unique chromatic properties.
20-37
The self-assembly of diacetylene monomers into spherical PDA vesicles with a conjugated backbone of alternating double and triple bonds (ene-yene chain) occurs upon ultraviolet (UV) irradiation. Unperturbed PDA vesicles typically exhibit an intense blue color because of electronic absorption via a p-p* transition of the electrons in the conjugated backbone. However, external stimuli such as temperature, pH and ligandreceptor interactions strain the conjugated backbone in PDA vesicles, increasing the energy gap and enabling the absorption of light of higher energy, thus resulting in a colorimetric change of the PDA vesicles from blue to red. Consequently, studies of PDA materials are expanding, particularly for biosensing applications. 24, 25, 27, 29, 31, 37 Here, we developed a peptide-functionalized polydiacetylene (PEP-PDA) nanosensor enabling detection of pandemic H1N1 virus (pH1N1) with the naked eye. As illustrated in Fig. 1 , PDA nanoparticles were rst formed by self-assembly of 10,12-pentacosadiynoic acid (PCDA) and its derivatives in the aqueous phase through nano-precipitation method, and this was followed by exposure to UV light to generate the blue-colored PDA nanosensor. For accurate recognition of pH1N1, the PDA nanosensor was modied with a peptide (PEP) enabling specic binding to the HA1 protein on pH1N1 to generate the PEP-PDA nanosensor. This peptide sequence was known to have a high affinity for the HA proteins of the H1 strain and already conrmed high affinity against H1N1 viruses compared with others (H3N2, H5N2, and H6N5). 1, 19, [38] [39] [40] [41] [42] [43] With reference to its ability, we modied this peptide sequence with PDA nanosensors for colorimetric detection of inuenza A (H1N1) virus. When PEP-PDA nanosensors contact with H1N1 viruses, the interaction of H1N1 viruses with PEP from PEP-PDA nanosensors generate enough steric repulsion at the PDA nanosensors surface which induce the perturbation of the conjugated ene-yne backbone of PDA, resulting in a colorimetric transition from blue to red.
19
We synthesized PCDA-NHS to facilitate reaction with the peptide, and the NHS esters were coupled to the carboxyl groups of PCDA via an esterication process ( Fig. S1 and ESI †) . [33] [34] [35] The Fourier transform infrared (FTIR) spectra of PCDA and PCDA-NHS revealed methylene asymmetric and symmetric C-H stretching peaks at 2926 and 2854 cm À1 , respectively. However, the carboxylic acid stretching (-COOH) observed at 1698 cm
À1
for PCDA was absent in PCDA-NHS, and a new peak centered at 1729 cm À1 was observed due to ester formation (-COO-) (Fig. S2 †) . A peak centered at 2.8 ppm corresponding to the NHS moiety was also observed; this peak was absent in PCDA ( Fig. S3 and S4 †). Aer conrmation of PCDA-NHS formation, PDA nanoparticles were formed using a mixture of PCDA and PCDA-NHS monomers (10 : 1 molar ratio) and photo-polymerization by UV irradiation at 256 nm. The formation of PDA nanosensors resulted in a color change of the solutions from colorless to blue (Fig. 2(a) ). In addition, the nanosensors were slightly smaller because of monomer polymerization (PDA nanoparticles: 54.6 AE 0.7 nm and PDA nanosensor: 47.7 AE 2.2 nm). The PDA nanosensors exhibited absorption at 640 nm via a p-to-p* absorption within the linear p-conjugated polymer network, in contrast to the PDA nanoparticles ( Fig. 2(b) ). [44] [45] [46] [47] As shown in Fig. 2(c) , the shape of PDA nanosensors observed in dry conditions by TEM exhibited a spherical shape. During the drying process for TEM sample preparation, PDA nanosensors were mainly affected by van der Waals force between nanoparticles, so they could be present with the aggregated state.
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The conformation of PDA nanosensors was systematically perturbed by increasing temperature and pH (Fig. 3) . [49] [50] [51] [52] [53] As the temperature increased, the dynamics of all segments within the PDA nanosensors increased, resulting in a shi in the absorption spectrum to a high-energy region and a change in the color transition from blue to red due to conformational change. As shown in Fig. 3(a) , the color of the PDA nanosensors gradually changed from blue to red with increasing temperature, and a new absorption band at $540 nm appeared in the absorption spectrum simultaneously with the disappearance of the absorption band at $620 nm. 49, 50 The dynamic of all PDA segments were promoted by increasing temperature. PDA segments could be rearranged by weakening inter-and intrachain interactions within PDA nanosensors, which in turn altered the electronic state of conjugated backbone. Therefore, the HOMO-LUMON energy gap of perturbed PDA was widen upon increasing temperature, leading to the color transition from blue to red. [51] [52] [53] The PDA nanosensors also exhibited a color transition from blue to red with increasing pH (Fig. 3(b) ). Under basic conditions, OH-ions abstracted the carboxylic protons of PCDA in the PDA nanosensors, leading to a systematic increase in the negatively charged carboxylate. 54, 55 The segments of PDA nanosensors were rearranged, owing to the interruption of the dispersion interaction between the alkyl tails by the strong electrostatic repulsive force between their carboxylate groups (Fig. 3(c) and (d) ).
Based on the unique chromic characteristics of the PDA nanosensors, we attempted to detect inuenza A (H1N1) virus with the naked eye. 24, 25, 27, 29, 31, 37 The PDA nanosensors were modied with a peptide (PEP) capable of specic binding with H1N1 virus, as conrmed in our previous report.
1 The colorimetric response of the PEP-PDA nanosensors in the presence of pH1N1 was conrmed by an obvious blue-to-red color change and a shi in the absorption spectrum. The magnitudes of these changes increased with the concentration of pH1N1 because higher pH1N1 concentrations-imposed higher stress on the PDA backbone. In contrast, the control PDA nanosensor modied by the control peptide did not exhibit any color change (Fig. 4) . As shown in Fig. 4(b) , in the absence of pH1N1, the PEP-PDA nanosensors displayed maximum absorbance at 628 nm and weaker absorbance at 550 nm, thus resulting in a blue color. The absorbance at 550 nm increased simultaneously with a decrease in the absorbance at 628 nm upon exposure to increasing concentrations of pH1N1, thus resulting in the observed color change from blue to red.
The color change depended on the amount of pH1N1 and was quantied by calculating the colorimetric response (CR). CR was determined from the change in the ratio of the absorbance (Abs) measurements at 550 nm (appears red) and 628 nm (appears blue) in the absence (PB 0 ) or presence (PB) of pH1N1 (CR (%) ¼ [(PB 0 À PB)/PB 0 ] Â 100), where PB ¼ Abs 628 /(Abs 628 + Abs 550 ).
12,26 Thus, a higher CR (%) value signies a more efficient transition to the red color. As shown in Fig. 5 , the CR (%) of the PEP-PDA nanosensor was approximately 32% and 13% at 2.75 Â 10 6 PFU and 6.8 Â 10 5 PFU of pH1N1, respectively. These results demonstrate that PEP-PDA nanosensor can be used to detect pH1N1 with the naked eye, with a detection limit of 10 5 PFU, i.e. about 0.2 HAU, indicating that it has sufficient sensitivity compared with conventional rapid diagnostic kits for inuenza A virus.
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Conclusions
We fabricated a PEP-PDA nanosensor for pH1N1 detection with the naked eye that consists of PDA nanoparticles and a peptide enabling specic binding with the HA proteins of pH1N1. The PEP-PDA nanosensor was successfully used for specic detection of pH1N1 by an obvious blue-to-red color change. We expect that this nanosensor can be applied for the development of a commercially available kit for pH1N1 diagnosis. 
